Alzheimer's disease (AD) is the most common neurodegenerative disease and is characterized by neurofibrillary tangles (NFTs) composed of Tau protein. α-Lipoic acid (LA) has been found to stabilize the cognitive function of AD patients, and animal study findings have confirmed its anti-amyloidogenic properties. However, the underlying mechanisms remain unclear, especially with respect to the ability of LA to control Tau pathology and neuronal damage. Here, we found that LA supplementation effectively inhibited the hyperphosphorylation of Tau at several AD-related sites, accompanied by reduced cognitive decline in P301S Tau transgenic mice. Furthermore, we found that LA not only inhibited the activity of calpain1, which has been associated with tauopathy development and neurodegeneration via modulating the activity of several kinases, but also significantly decreased the calcium content of brain tissue in LA-treated mice. Next, we screened for various modes of neural cell death in the brain tissue of LA-treated mice. We found that caspase-dependent apoptosis was potently inhibited, whereas autophagy did not show significant changes after LA supplementation. Interestingly, Tau-induced iron overload, lipid peroxidation, and inflammation, which are involved in ferroptosis, were significantly blocked by LA administration. These results provide compelling evidence that LA plays a role in inhibiting Tau hyperphosphorylation and neuronal loss, including ferroptosis, through several pathways, suggesting that LA may be a potential therapy for tauopathies.
α-Lipoic acid improves abnormal behavior by mitigation of oxidative stress, inflammation, ferroptosis, and tauopathy in P301S Tau transgenic mice Yan 
A B S T R A C T
Alzheimer's disease (AD) is the most common neurodegenerative disease and is characterized by neurofibrillary tangles (NFTs) composed of Tau protein. α-Lipoic acid (LA) has been found to stabilize the cognitive function of AD patients, and animal study findings have confirmed its anti-amyloidogenic properties. However, the underlying mechanisms remain unclear, especially with respect to the ability of LA to control Tau pathology and neuronal damage. Here, we found that LA supplementation effectively inhibited the hyperphosphorylation of Tau at several AD-related sites, accompanied by reduced cognitive decline in P301S Tau transgenic mice. Furthermore, we found that LA not only inhibited the activity of calpain1, which has been associated with tauopathy development and neurodegeneration via modulating the activity of several kinases, but also significantly decreased the calcium content of brain tissue in LA-treated mice. Next, we screened for various modes of neural cell death in the brain tissue of LA-treated mice. We found that caspase-dependent apoptosis was potently inhibited, whereas autophagy did not show significant changes after LA supplementation. Interestingly, Tau-induced iron overload, lipid peroxidation, and inflammation, which are involved in ferroptosis, were significantly blocked by LA administration. These results provide compelling evidence that LA plays a role in inhibiting Tau hyperphosphorylation and neuronal loss, including ferroptosis, through several pathways, suggesting that LA may be a potential therapy for tauopathies.
Introduction
Tau is a microtubule-associated protein, and its hyperphosphorylation and abnormal aggregation together with synaptic and neuronal degeneration have been regarded as the principal neuropathological hallmark of neurodegenerative tauopathies including Alzheimer's disease (AD) [1, 2] . Reducing the overall levels of Tau or preventing its hyperphosphorylation and accumulation have been shown to have therapeutic benefits, although it remains unclear how Tau contributes to the dysfunction and degeneration involved in AD [3, 4] . Numerous studies have demonstrated that Tau is relevant to oxidative stress [5, 6] , and several mechanisms related to oxidative stress and free-radical reactions are involved in the formation of neurofibrillary tangles (NFTs) [7] . In the search for the causes of oxidative stress, progressive iron accumulation in the normal aging brain and an aberrantly elevated iron level in the AD brain have been identified [8, 9] . Through Fenton's reaction, iron overload can generate excessive free radicals that attack DNA, proteins, and lipid membranes, thereby damaging cellular function and causing neuronal death. In particular, iron can bind to Tau protein [10, 11] and trigger its hyperphosphorylation [12] , eventually leading to the formation of NFTs [13] . Thus, either reducing the redox activity of the iron-Tau interaction or rescuing neurons directly could be potential therapies for treating tauopathy.
α-Lipoic acid (LA), a naturally occurring enzyme cofactor with antioxidant and iron chelator [14] properties, has been used as a therapeutic agent for many chronic diseases such as diabetes mellitus (DM) and the associated peripheral neuropathy. Importantly, LA was also found to provide neuroprotection against AD, as it can easily penetrate the blood-brain barrier (BBB). The therapeutic effect of LA for AD was found by chance in clinical trials that demonstrated that LA supplementation could moderate the cognitive functions of patients with AD and related dementias [15, 16] . In previous animal studies, LA supplementation improved cognition and memory in aged SAMP8 mice and aged rats [17, 18] , reduced hippocampal-dependent memory deficits in the Tg2576 model of AD without affecting β-amyloid (Aβ) levels or plaque deposition [19] , and restored glucose metabolism and synaptic plasticity in the triple transgenic mouse model of AD [20, 21] . In vitro studies relevant to AD mechanisms have revealed that LA can inhibit the formation of Aβ fibrils (fAβ) and the stabilization of preformed fAβ, as well as protect cultured hippocampal neurons against neurotoxicity induced by Aβ and iron/hydrogen peroxide [22, 23] . Based on the above facts, it has been proposed that these actions are mediated through potent antioxidant [24] , anti-inflammatory [25] , and antiamyloidogenic properties [22, 23] . Moreover, LA itself is not only an efficient free radical scavenger, but the disulfide bond and five-membered cyclic structure of LA lead to powerful antioxidant capacity and good iron-chelation activity [14, 26] . These multifaceted effects suggest that LA is a promising therapeutic agent for AD, but the exact cellular and molecular mechanisms remain unknown, especially with respect to the ability of LA to control Tau pathology and neuronal damage. In this context, we previously showed that the hyperphosphorylation status of Tau can be reversed by iron chelation in an AD mouse model [27] .
In fact, LA plays many different roles in the pathogenic pathways of dementia, acting as a neuroprotective agent. LA might attenuate free radical damage and reduce inflammatory activities and, hence, might have a positive effect on neuronal ferroptosis, which is a recently discovered form of cell death dependent on iron and ROS [28] , because ferroptosis can also be prevented by ferrostain-1, lipophilic antioxidants and iron chelators, such as deferoxamine [29, 30] . In the present study, P301S mice encoding the human P301S mutation were injected with LA for 10 weeks to study whether LA could effectively alleviate the state of AD-related tauopathy and whether the inhibition of ferroptosis is a potential mechanism of restoring impaired cognition.
Materials and methods

Animals and pharmacological treatments
The P301S transgenic mice [B6C3-Tg (Prnp-MAPT*P301S) PS19 Vle/J], originally obtained from the Jackson laboratory (Bar Harbor, ME, USA), were used as a model of tauopathy. The mice were housed in standard environmental conditions at an ambient temperature of 20-26°C and humidity of 40-70%. They were raised with 5 mice per cage, free food and water, and the natural circadian rhythm of light. The female mice at the age of 5 months were randomly allocated to three treatment groups (7 mice/group) corresponding to vehicle control, 3 mg/kg LA (T5625, Sigma, St. Louis, MO; the dosage was calculated everyday based on weight), and 10 mg/kg LA. LA was administered by intraperitoneal injection once per day (no injection was administered one day every three days), and vehicle control mice received physiological saline. The body mass and health conditions of the mice were monitored and recorded daily. After the cumulative injection time reached 10 weeks, the mice were evaluated by a series of behavioral tests. All treatments were performed in accordance with the National Institutes of Health guidelines, and experimental procedures were approved by the Laboratory Animal Ethical Committee of Northeastern University.
Open field test
The open field test (OFT) is a typical method used to study spontaneous motor activity and exploratory behaviors. All mice in each group were allowed to adapt to the new experimental environment for 30 min before the test was begun. The OFT was carried out in a quiet environment. The mouse was placed in the center of the arena, and the digital camera recorded the mouse for 5 min of continuous acquisition. The amount of time spent in the center of the arena and the total distance traveled were collected by SMART 3.0 software. To prevent interference between trials, the inner wall and bottom of the arena were cleaned during the inter-trial interval.
Morris water maze
The Morris water maze (MWM) was employed to measure spatial learning and memory by requiring navigation. A circular pool (diameter 90 cm) was filled with water before the test was begun, and the water was maintained at a constant temperature of 24°C. The area of the pool was divided into four imaginary quadrants for analysis of the test and probe trials. Mice were first trained to find a visible platform located 1 cm above the water (nonspatial learning, days 1-3) and then trained to find a hidden platform submerged 1 cm beneath the surface of the water (spatial learning, days 4-7). During visible platform training, mice remained on the platform for 15 s before returning to the home cage, and this process was repeated until all the mice were able to find the platform position. Mice that had difficulty swimming and nonperformers were removed from the trial. Mice were placed in the pool facing the wall and carefully released. For each trial, the computer tracking program SMART 3.0 began recording immediately when the mouse entered the water. Each trial was limited to 1 min. When the mouse climbed onto the platform or the time ran out, the computer program automatically ended the recording. During the visible and hidden platform training sessions, the platform remained in the same quadrant at the same starting location. Relevant data such as latency, path length and time in the target quadrant were acquired by the computer program in this process. Four trials of training were conducted per day with an inter-trial interval of 30 min.
A probe trial was performed on day 8. The platform was removed, and the mice were allowed to swim freely in the pool for 1 min. For the probe trial, the time spent in the quadrant of the former platform position and the number of crossings of the exact place where the platform had been located were acquired by the SMART 3.0 computer program.
Novel object recognition test
The novel object recognition test (NOR) is based on the natural tendency of mice to explore a novel or displaced object more than a familiar object. The test was carried out in three phases. In the first stage, animals were allowed to move freely in a 40 × 40 × 40 cm 3 gray resin box for adaptation, and the adaptation trial was conducted over 3 consecutive days for 10 min/d. On the fourth day, two identical objects were presented in the box, as shown in Fig. 7I , the exploration time was recorded in 10 min. Animals exhibiting any investigative behavior (head orientation or sniffing occurring) or entering the area within 1 cm around the object was considered exploration behavior. In the testing trial performed on the fifth day, one of the familiar objects was replaced by a novel object with a different shape, color and material, and the exploration times of the familiar and novel objects in 10 min were acquired by the SMART 3.0 computer system. The acquired data were then analyzed to assess the learning and memory ability of the mice.
Western blots
All animals were sacrificed at the end of the behavioral tests. The brain was immediately removed and cut in half on an ice box. Half was stored in 4% paraformaldehyde for immunohistochemistry and immunofluorescence, and the other half was stored in −80°C refrigerator prior to use for Western blots. Well-mixed lysis buffer (phosphatase inhibitor cocktail, protease inhibitor cocktail, sodium fluoride and phenylmethanesulfonyl fluoride added to radioimmunoprecipitation assay [RIPA] lysis buffer at a 1:100 ratio) was added to the samples. Then, the samples were treated with ultrasonic crash, and the homogenate was centrifuged at 12,000 rpm for 25 min at 4°C. The supernatants containing 30 μg protein were loaded into 10% or 12% SDS-PAGE to separate proteins and then transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, IPVH00010). The membranes were incubated with only one primary antibody overnight in a 4°C refrigerator after blocking by 5% skim milk. The primary antibodies used in the study were as follows: mouse-anti-apoptosis inducing factor (AIF, 1:1000, Santa Cruz), mouse-anti-Bcl2 (1:1000, Santa Cruz), rabbit-anti-Bax (1:1000, Santa Cruz), mouse-anti-Beclin1 (1:1000, ImmunoWay), rabbit-anti-calpain1 ( , and mouseanti-β-actin (1:10000, Sigma). The membranes were then incubated with the respective horseradish peroxidase (HRP)-labeled secondary antibody after washing. Enhanced chemiluminescence (ECL) kits (Tanon, 250 ml) and Chem Doc XRS with Quantity One software (BioRad, USA) were applied to detect blots. The quantification and analysis of band intensity were performed by ImageJ and GraphPad Prism 5.0 analysis software.
Immunohistochemistry
For evaluating morphological changes, brains from sacrificed mice were immediately fixed in 4% paraformaldehyde, then dehydrated and embedded in paraffin, and finally sliced into 5 µm sections. After dewaxing, the sections were sequentially treated with endogenous peroxidase blocking solution, L.A.B solution (Polyscience, Inc) and goat serum, and the sections were rinsed with Tris-buffered saline (TBS) three times after each treatment. Then, the sections were incubated with only one primary antibody overnight at 4°C, and the primary antibodies used in immunohistochemistry were as follows: rabbit-antiphospho-Tau (Ser416) (1:200, CST) and rabbit-anti-GFAP (1:200, Sigma). Next, the sections were treated with the corresponding biotinylated secondary antibody for 1 h at room temperature and then treated with a third antibody for 30 min. The sections were developed in DAB for 3 min, then immersed in distilled water to stop the reaction, and finally counterstained with hematoxylin. With these steps completed, the sections were dehydrated and sealed. The images of stained sections were collected on a light microscope (DM4000B; Leica).
Immunofluorescence
The antigens of frozen sections of brain tissue (10 µm and continuous) were repaired with L.A.B solution (Polyscience, Inc.) for 20 min. The sections were blocked with goat serum for 1 h and then incubated overnight at 4°C with rabbit-anti-GPx4 (1:200, Santa Cruz).
The sections were treated with a second fluorescence after washing and finally labeled by DAPI. The sections were then treated with MitoTracker Green (KGMP007, KeyGEN BioTECH) and incubated for 15 min at 37°C, after washing four times the sections were sealed with antifade mounting medium. The sections were observed and photographed under the fluorescence microscope (Leica, SP8).
Improved iron staining
Due to the low iron content in mouse brain, the classic Prussian blue staining for assessing iron could not be used in this study [27] . An improved iron staining based on Prussian blue staining was applied. The paraffin sections (5 µm) were dewaxed and hydrated and then immersed in 0.1 M TBS (pH 7.4) containing 3% hydrogen peroxide (H 2 O 2 ) for 10 min. After that, the sections were treated with an equal ratio mixture of 4% aqueous potassium ferrocyanide and 4% hydrochloric acid for 30 min. They were rinsed with ddH 2 O for 5 min, and the iron staining was amplified with TBS containing 0.025% DAB and 0.0033% H 2 O 2 for 10 min. This step was performed under a microscope to stop the reaction when brown granules were observed in the iron deposit regions. All the sections were handled in parallel to maintain consistency of the dyeing condition. Then, the sections were stained with hematoxylin, differentiated and sealed. Finally, the sections were observed and photographed under a microscope (DM4000B; Leica).
Calcium analysis
An Agilent inductively coupled plasma mass spectrometer 7500a (ICP-MS, Agilent Technologies Inc) was used to determinate the amount of calcium in the brain. Brain tissue samples of each mouse (n = 7) were accurately weighed prior to ICP-MS analysis, and the samples were then treated with 500 µl nitric acid (Sigma, Purity ≥ 90%) at 110°C for 30 min. After returning to room temperature, the samples were diluted 20 times with distilled water, and the concentration of calcium in the diluent was quantified by ICP-MS.
Iron analysis
The brain and serum iron content was assayed as previously described using a flame atomic absorption spectrometer (ZEEnit700P, Analytikjena, Germany) [31] .
Measurement of ROS and total SOD activity
To determine whether LA treatment decreased oxidative stress (free radical damage), ROS production was measured using 2′,7′-dichlorofluorescein diacetate (DCFH-DA) according to the manufacturer's protocol (E004, Jiancheng Biology, Nanjing, China). Briefly, cortices of mice brain were accurately weighed and homogenized in the ice-cold lysis buffer (10 mM Tris-HCl, 100 mM sucrose, 10 mM EDTA; pH 7.4; 1:20, w/v). The supernatant was collected by centrifugation at 1000 g for 10 min at 4°C. The cell pellets were suspended with prechilled PBS. Cells at a density of 2 × 10 6 /ml were incubated in 10 μM DCFH-DA at 37°C for 60 min. The negation controls were incubated with PBS. The procedure was protected from light. DCF fluorescence intensity was measured at 485 nm excitation and 525 nm emission wavelengths using a microplate reader (Synergy/H1, BioTek). Total SOD activity was determined by the hydroxylamine method, and the brain samples were formed into homogenates in 0.9% normal saline (dilution method was 1 g : 9 ml) after weighting. Then, the homogenates were centrifuged at 2500-3000 r/min for 10 min, and the supernatants were used for detection. Detection was performed according to the manufacturer's instructions (A001-1, Jiancheng Biology, Nanjing, China).
Statistical analysis
All results were obtained from three repeated experiments and presented as the mean ± SEM. We employed one-way ANOVA for comparisons of three groups. The analyses were performed using ImageJ software and GraphPad Prism 5.0 software. The results were considered to have significant differences when **p < 0.01 or *p < 0.05.
Results
Effect of LA on the distribution of iron in P301S mice
We first examined the effects of LA treatment on iron distribution in P301S mice brains, and improved iron staining and iron deposits (brown granules) were observed in the cytoplasm of iron-positive cells. To facilitate the observation of the results, we processed the ironstaining results with ImageJ software so that the iron deposits could be easily observed as red granules. We found more iron-positive cells in the cortex and hippocampus of the vehicle-treated mice than in the LAtreated mice (Fig. 1A, p < 0.05) . We further determined the iron content in the brains of wild-type (WT) mice, P301S Tg mice, low-dose LAtreated mice and high-dose LA-treated mice. As shown in Fig. 1B , atomic absorption spectrum analysis revealed that iron levels were statistically higher in the brains of P301S mice than in WT mice (Fig. 1B, p < 0.05 ), but LA administration did not significantly alter the iron content in the brains of P301S mice (Fig. 1B, p > 0.05) . No significant difference of in serum iron content was observed among WT mice, P301S mice, low-dose LA-treated mice and high-dose LA-treated mice (Fig. 1C, p > 0.05) .
To investigate the mechanisms involved in the altered iron distribution, we next examined the effects of LA on the expression of TFR, DMT1 and the only known iron release protein, Fpn1. The expression of TFR in high-dose LA-treated mice was found to be significantly lower than that in vehicle-treated groups (Fig. 1D, F , p < 0.01). Treatment with high-dose LA induced a significant enhancement in Fpn1 expression compared with Fpn1 expression in vehicle-treated mice (Fig. 1D , E, p < 0.05). In addition, no significant difference in DMT1 expression was observed (Fig. 1D, G, p > 0.05) . These results revealed that the iron redistribution in P301S mouse brains by LA mediated the expression of TFR and Fpn1 but not DMT1.
LA inhibited inflammation in P301S mice
Given the essential role of inflammation in tauopathy [1] , we next examined the levels of inflammatory markers and pro-inflammatory proteins in P301S mice. As shown in Fig. 2B , high-dose LA treatment markedly down-regulated the levels of GFAP, TNFα and IL-1β compared to the levels in vehicle-treated mice (Fig. 2B , C-F, p < 0.05). GFAP immunoreactivity also exhibited a significant decrease in the cortex and hippocampus of high-dose LA-treated mice ( Fig. 2A , p < 0.05). However, LA treatment did not significantly decrease the level of Iba1 (Fig. 2B, D , p > 0.05).
Effects of LA on oxidative stress
Oxidative stress is one of the key elements in the hyperphosphorylation and aggregation of Tau [12] , we therefore determined the ROS levels in brain tissue, and the results showed that the level of ROS in high-dose LA-treated mice was significantly lower than that in vehicle-treated mice (Fig. 3A , p < 0.05). Western blot analyses demonstrated that the expression levels of GPx4, xCT and SOD1, which are important antioxidant enzymes in the oxidative stress balance, were highly upregulated after high-dose LA treatment compared with the levels in the vehicle-treated group (Fig. 3C-F, p < 0.01) . In addition, the activity of SOD was also examined, and the results revealed a significant enhancement in high-dose LA-treated mice compared to that in vehicle-treated mice (Fig. 3B, p < 0.05) . Immunofluorescence results using co-immunolabeling of GPx4 and MitoTracker Green indicated that GPx4 in the brains of LA-treated mice was more intense than that in vehicle-treated mice (Fig. 3H, p < 0.05) . In addition, compared with that in vehicle-treated mice, the staining intensity of MitoTracker Green was significantly increased in the brains of LA-treated mice (Fig. 3H , p < 0.05). Finally, we determined calcium content in the brains of vehicle, low-dose and high-dose LA-treated mice, as shown in Fig. 3G , and ICP-MS analysis revealed that calcium levels were significantly lower in the brains of high-dose LA-treated mice than in the brains of vehicle-treated mice (Fig. 3G, p < 0.05) .
Taken together, the results indicated that LA effectively attenuated oxidative stress in P301S mouse brains.
LA reduced p-Tau at multiple AD-related sites in P301S mice
We also examined the effect of LA on the level of hyperphosphorylated Tau, which is a major pathological feature in AD.
Immunohistochemistry of phospho-Tau (Ser416) showed that the intensity of staining in the neurons of both the hippocampus and the cortex in the high-dose LA-treated mice was significantly lower than that in vehicle-treated mice (Fig. 4A , p < 0.05). As shown in Fig. 4B , treatment with high-dose LA resulted in a remarkable reduction in Tau phosphorylation at the Ser-202, Ser-396, Ser-404, Ser-416, and Thr-181 residues compared with the vehicle-treated group (Fig. 4B , C-G, p < 0.05), whereas no significant difference in Thr-231 was observed among the three groups (Fig. 4B, H, p > 0.05) . No significant change in total Tau (T-Tau) level was observed (Fig. 4B, I , p > 0.05). The lowdose LA did not cause significant reductions in these Tau residues compared to the vehicle-treated group, but it still played a role in inhibiting Tau phosphorylation, and these results indicated that LA might inhibit Tau hyperphosphorylation in a dose-dependent manner.
LA inhibited hyperphosphorylation of Tau through multiple pathways
Because MAPK, GSK3β, CDK5 pathways and PP2A are related to Tau phosphorylation [32, 33] , we examined the effects of LA treatment on the levels of these kinases and phosphatase. Quantification of the Western blot showed that the high-dose LA treatment significantly decreased the level of p-P38 (Fig. 5A , D, p < 0.05) without affecting the phosphorylation of ERK1/2 and JNK1/2 compared with the vehicletreated group (Fig. 5A -C, p > 0.05). No significant changes in the levels of the total amount of the three proteins in brain tissues among the three groups were observed. As shown in Fig. 5E , there was a marked reduction in the levels of calpain1 and in the ratios of p-CDK5/CDK5 and P25/P35 in the mice following the high-dose LA treatment compared with the vehicle-treated group (Fig. 5E -H, p < 0.05). In addition, as presented in Fig. 5I , the p-GSK3β (Ser9)/GSK3β ratio in the brains of high-dose LA-treated mice was significantly higher than that in the vehicle-treated group (Fig. 5I , K, p < 0.05), but there was no significant difference in the ratio of p-GSK3α/GSK3α (Fig. 5I , J, p > 0.05). We further determined the level of PP2A, considering its effect in the dephosphorylation of Tau [34] . As shown in Fig. 5I , the high-dose LA treatment induced a notable enhancement in PP2A expression compared with the vehicle-treated group (Fig. 5I , L, p < 0.05). These results indicated that PP2A plays a part in inhibiting the phosphorylation of Tau.
LA attenuated synaptic loss and apoptosis
Next, we examined the effect of LA on the alterations of synapses because Tau and p-Tau oligomers are widely perceived as contributing to synaptic dysfunction and loss [35] . As shown in Fig. 6A , the expression levels of SYP and PSD95, which are markers of pre-and postsynaptic compartments, were detected by Western blot. The results showed that the expression of SYP was significantly higher in the highdose LA-treated group compared with the vehicle-treated group (Fig. 6A , C, p < 0.05), but no significant difference in PSD95 level was observed (Fig. 6A, D, p > 0.05) .
Accumulation of p-Tau may cause apoptosis and affect the flux of autophagy, eventually leading to neurodegeneration [36, 37] . To determine whether LA affected neurodegeneration in P301S mice, NeuN was examined using Western blot. Compared with the vehicle-treated mice, the high-dose LA-treated mice showed significantly increased NeuN levels (Fig. 6A, B , p < 0.05). To determine the related mechanisms, we examined the expression of AIF, Bcl2, Bax, and caspase3, which are involved in apoptosis. As shown in Fig. 6E , the ratio of cleaved caspase3/caspase3 was significantly lower in the high-dose LAtreated mice than in the vehicle-treated mice (Fig. 6E, H, p < 0.01) . However, there were no significant differences in the levels of AIF and Bcl2/Bax among the three groups (Fig. 6E-G , p > 0.05), suggesting that LA inhibited apoptosis might mainly through a caspase-dependent pathway. The autophagy marker protein LC3A/B and Beclin1 were also detected utilized Western blot. No differences were detected in the Redox Biology 14 (2018) [535] [536] [537] [538] [539] [540] [541] [542] [543] [544] [545] [546] [547] [548] LC3B/LC3A ratio and Beclin1 level among the three groups (Fig. 6E, I , J, p > 0.05). However, a dose-dependent activated trend in autophagy was observed, and whether a higher dose of LA could effectively active autophagy requires further study.
Effect of LA on learning ability and spatial memory in P301S mice
P301S mice are characterized by the main features of tau pathology leading to behavioral and cognitive disability at this early age [38, 39] . To evaluate whether LA administration can ameliorate memory and Redox Biology 14 (2018) [535] [536] [537] [538] [539] [540] [541] [542] [543] [544] [545] [546] [547] [548] cognitive damage in P301S mice, OFT, MWM and NOR were performed as described above. In OFT, we observed no noticeable changes in total distance following 5 min of open field exploration among the three groups, indicating that locomotion was not affected by LA (Fig. 7D , p > 0.05). However, we observed that high-dose LA treatment significantly increased the time traveled by mice in the center of the open field compared with the vehicle-treated mice (Fig. 7E , p < 0.01), suggesting a potential anti-anxiety effect of LA treatment. Next, we employed the NOR test to evaluate the role of LA in memory formation. After three days of adaptation, mice were exposed to two identical objects for 10 min. Twenty-four hours later, one of the familiar objects was replaced by a novel object, and then a 10-min test was conducted during which animals could freely explore the familiar and novel objects. Location preference index (LI, a ratio of the time spent with the left/right object and the total time) and recognition index (RI, a ratio of time spent with the novel object and the total time) were used as measures to evaluate memory formation. We identified no differences in LI among the three groups, suggesting that there was no particular preference for the two positions (Fig. 7G, p > 0.05) . However, the high-dose LA-treated group of mice demonstrated greater exploration of the novel object over the familiar object compared with the vehicle-treated mice (Fig. 7H, p < 0.05) . The results revealed that high-dose LA-treated mice exhibited better memory.
To further assess the hippocampus-dependent spatial learning of mice, the MWM was employed. As shown in Fig. 7A , there were no differences in the latency among the three groups in the visible platform trial (Fig. 7A, p > 0.05) , while the LA-treated mice exhibited significantly improved spatial learning compared with the vehicle-treated mice based on latency to reach the hidden platform (Fig. 7A, p < 0.05) . Then, the spatial memory retention was assessed by a probe trial. The high-dose LA-treated mice showed significantly more platform location crossings than the vehicle-treated mice (Fig. 7B, p < 0.01) . The results suggested that high-dose LA helps ameliorate spatial learning impairments. Fig. 7C shows the typical swim-paths in the hidden platform trial. The mouse with the mean escape duration nearest to the mean of the respective group was selected as an example swim-path LA-treated mice displayed better tendency to find the platform, and the spatial strategy of the mice was translated from a random pattern to a linear pattern. However, the swimming pattern of the vehicle-treated mice remained as a large loop.
Taken together, the results provide evidence of improved learning and spatial memory in LA-treated mice.
Discussion
Accumulating evidence has suggested the good prospects of Tau as a therapeutic target of AD. As a therapeutic agent in the treatment of DM, LA was reported to have neuroprotective functions against neurodegenerative diseases in clinical trials and in vitro/vivo studies [15] [16] [17] [18] [19] [20] [21] 23, 25, 26] . However, whether LA can act on tauopathy and the implicated mechanism remain unknown. In the present study, we demonstrated that chronic treatment with LA significantly inhibited Tau hyperphosphorylation and alleviated neuronal degeneration and memory deficits in P301S mice. Moreover, our data also suggest the possible use of LA in inhibiting ferroptosis.
P301S Tg mice, which carry the human Tau gene with the P301S mutation, have been used to develop Tau pathology and to study its effects on neurodegeneration [38, 39] . This well characterized mouse model has also been used to investigate novel therapeutic strategies of tau-related disorders [40, 41] . Here, we first verified that iron levels were statistically higher in the brains of P301S mice at the age of 9 months than in the brains of WT mice. Because prior studies have shown iron aggregates in neurons with NFTs during the course of AD development [42, 43] , we sought to reduce iron concentration in the brains of P301S mice. In the current study, we observed that LA supplementation for 10 weeks did not significantly alter the levels of iron in the serum or brain, whereas the intensity of positive iron staining was significantly weakened in the hippocampus and the cortex of LAtreated mice compared with vehicle-treated mice. In addition, we assayed the expression of various iron transporters, including TFR, DMT1, and Fpn1, in the brains of P301S Tau Tg mice and found that LA supplementation induced a significant reduction in TFR expression and elevated Fpn1 protein. These results suggest that LA may regulate intracellular iron concentration and mediate the redistribution of iron in specific areas of the mouse brain associated with neurodegeneration, namely, in the hippocampus, the neocortex, and in or around NFTs by LA-mediated chelation [11] [12] [13] [14] 44, 45] .
Of note, LA not only functions in the regulation of redistribution of iron via iron chelation but also reportedly acts as a direct free radical scavenger and an indirect antioxidant [14, 24] . In support of this, we found that LA treatment was neuroprotective in P301S mouse brains by reducing ROS content, increasing SOD1 activity, and increasing the expression level of antioxidant enzymes (GPx4, xCT, and SOD1). Despite criticism and the limitations described in the literature, the DCFH method can be applicable for quick and basic screening experiments to provide a broad range of general ROS production [46] . These rescued antioxidant enzymes by LA effectively scavenged lipid peroxidation, suggesting that the protective effects of LA may be similar to our previously reported DFO-mediated chelation [47] . In addition, it has also been proposed that LA may play a protective role as an anti-inflammatory agent in AD [25] . In this regard, we also observed decreased expression of pro-inflammatory proteins, including IL-1β and TNF-α, which are released from activated microglia and astroglia.
A previous study identified that P301S mice sustained strong oxidative stress and eventually led to aggravated Tau hyperphosphorylation [48] . Furthermore, mounting evidence has been documented that iron can bind to Tau and contribute to its hyperphosphorylation, enhancing the toxicity of Tau to neurons [10] [11] [12] . To explain the antioxidant and anti-inflammatory roles as possible contributors that attenuate Tau pathology, Tau phosphorylation was examined in P301S mice with LA supplementation. Not surprisingly, the present data show that AD-related sites (Ser-202, Ser-396, Ser-404, Ser-416, Thr-181, and Thr-231) of Tau phosphorylation were remarkably inhibited by LA in a dose-dependent manner. Several studies have shown that Tau hyperphosphorylation occurs at more than 40 serine or threonine residues in AD [49] [50] [51] , and dysregulation of multiple Tau kinases and Tau phosphatases might be responsible for most of the abnormal hyperphosphorylation of Tau in AD brains [52] . Thus, we further analyzed the mechanisms underlying the inhibitory effect of LA on Tau phosphorylation by examining the activities of several kinases, including CDK5, GSK3β, and MAPK, in P301S mouse brains. Consistent with the above mechanism, although we did not observe alterations in either ERK1/2 or JNK1/2 kinase activity at the tissue level, the activity of CDK5, GSK3β, and P38 MAPK was markedly inhibited by LA treatment. Furthermore, the phosphorylation level of calpain1 was significantly decreased in the brains of LA-treated mice compared to vehicle-treated mice. In addition, the expression level of phosphatases (PP2A) was significantly increased after LA treatment, which is known to inhibit hyperphosphorylation of Tau [53] . Interestingly, calpain1, a calcium-dependent cysteine protease, has been associated with tauopathy development and neurodegeneration via modulating the activity of CDK5, GSK3β, and ERK1/2 in AD [54] . Notably, recent studies have reported that calpain inhibition significantly decreased p-P38 levels and was accompanied by eliminating oxidative stress [55, 56] . In our present study, we found that LA not only inhibited the activity of calpain1 but also significantly decreased the calcium content of brain tissue in LA-treated mice. Given that the levels of intracellular calcium were increased by iron overload [57] , the mechanism through which LA overcomes Tau hyperphosphorylation might involve multiple factors, and in particular, inhibiting the hyperactivation of calpains.
It is reported that P301S mice show prominent neuronal loss in the hippocampal CA1 area in addition to accumulation of hyperphosphorylated Tau, and suppressing mutant Tau expression by doxycycline treatment prevented further neuronal loss and improved memory function [39, 58] . Because overactivated calpain can initiate and/or execute neuronal cell death along caspase-dependent and -independent pathways and increased levels of caspase-cleaved neurotoxic Tau form, calpain inhibition might confer additional neuroprotection in tauopathy by attenuating synaptic dysfunction and neurodegeneration. Thus, we further probed the cascade of events leading to apoptosis after LA supplementation. In the present study, we found that LA not only inhibited the high expression of calpain1 and cleaved caspase-3 but also improved the levels of NeuN and SYP, suggesting that the Tau-induced neuronal loss and synaptic dysfunction may be effectively inhibited by high-dose LA through the caspase-dependent pathway in P301S mice [59] .
The greater iron content in the brain tissue of AD patients and animal models, together with the iron chelating action of LA, lead us speculate that the changed iron distribution presented in LA-treated mouse brains may be involved in the process of inhibiting neuronal ferroptosis, which is an iron-dependent type of cell death that is morphologically, biochemically and genetically distinct from apoptosis, various forms of necrosis, and autophagy [29] . Indeed, to date there is no clear mechanism of ferroptosis, but iron overload and the consequent lipid peroxidation and inflammation are considered as the three hallmarks of ferroptosis [60] . Importantly, ferroptosis may be a key mode of cell death in neurodegeneration [60, 61] . Investigators have explored this possibility by testing the ability of iron chelators to prevent AD, and a number of iron chelators have been reported to have good potency in inhibiting neuronal loss [9, 62, 63] . Specifically, ferroptosis could be blocked by iron chelators deferoxamine (DFO) [64, 65] . Therefore, it was worth considering whether neuronal populations important for cognition might be vulnerable to ferroptosis in the brains of P301S mice and whether LA can inhibit Tau-induced ferroptosis. As mentioned above, Fpn, the iron efflux pump, was increased, and TFR, the iron importer, was decreased in brain tissue of LA-treated mice. Therefore, intracellular iron overload in the cortex and the hippocampus might be reduced, and iron-dependent cell death might be depressed in the brains of LA-treated mice compared with vehicletreated mice [64, 66] . On the other hand, in agreement with the prevention of ferroptosis by lipophilic antioxidants [60, 65, 67] , LA treatment can also inhibit the generation of ROS and increase the levels of GPx4 and xCT. During LA-treated neuronal loss, weakened neuroinflammatory factors may also have a central role in preventing Tau-induced ferroptosis. Aside from iron metabolism and lipid peroxidation signaling, activation of the MAPK pathway was thought to be involved in promoting ferroptosis [68, 69] . In addition, a recently published study showed that active MAPK signaling can sensitize cells to ferroptosis via depleting cystine and reducing the expression of GPx4 [70] . In the present study, we found that LA blocked the activity of P38 in a dose-dependent manner, and GPx4 expression was significantly enhanced. Taken together, although we did not observe alterations in either morphology or genetics at the tissue level, we cannot eliminate Object placement in the training and test periods of the novel object recognition test. Two identical objects were presented in the training phase, and one of the familiar objects was replaced by a novel object in the test phase. All results are presented as the mean ± SEM (n = 7). *p < 0.05, **p < 0.01. the role of ferroptosis in tauopathies, particularly because LA treatment blocked Tau hyperphosphorylation and enhanced neuronal survival in the P301S mice.
In light of the role of LA in regulating the development of AD-related tauopathies, we also considered the learning ability of the LAtreated mice. We observed that LA significantly improved the spatial memory and cognition capacity of the mice as measured by the MWM and the NOR and revealed by the obviously rescued locomotor and anxiety symptoms of the LA-treated mice in the OFT. Similar observations have been reported in old rats [18] , in mouse models of AD [19] [20] [21] , and in patients [15, 16] . The improvements in cognitive and behavioral performances by LA observed here are in agreement with previous reports [25] and suggest that LA might play a role in regulating the development of tauopathy.
In summary, extensive experimental evidence, including our present findings, suggest that LA plays a neuroprotective role via its antioxidant and anti-inflammatory activity [15] [16] [17] [18] [19] [20] [21] 23] . However, our data are the first to demonstrate that LA markedly protected neurons against Tauinduced neurotoxicity and cognitive impairment in P301S mice. A schematic diagram of the role of LA in inhibiting Tau phosphorylation and neuronal loss including ferroptosis is shown in Fig. 8 . The schematic highlights that the cognitive impairments of P301S mice were relieved through several pathways, suggesting that LA may be used in potential treatment strategies for tauopathies and ultimately AD. Under Tau overexpression and hyperphosphorylated conditions, P301S mice developed iron overload. After LA administration, TFR expression level was downregulated while Fpn1 level was upregulated, thereby reducing the iron overload. Thus, iron overload-induced mitochondrial dysfunction and Ca 2+ overload
were not sufficient to induce calpain overactivation. p-P38, P25, and p-CDK5 levels were decreased and p-GSK3β level was increased, thereby inhibiting the hyperphosphorylation of Tau and Tau-induced iron overload. In addition, LA inhibited ferroptosis not only by reducing iron overload but also via the upregulation of xCT and GPx4. Moreover, the inhibition of calpain decreased the level of cleaved caspase3, which is involved in apoptosis, thus neuronal loss was rescued through the inhibition of apoptosis and ferroptosis.
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